Abstract -Reducing the energy dissipation can improve the movement efficiency of a snake-like robot. Avoiding side slipping is the main way to reduce the energy dissipation. A creeping control method for the snake-like robot, named optimal passive creeping, is proposed. This method makes the robot avoid slipping by inputting the proper torque which is adjusted by its body shape. The purpose of the control method is to insure that the snake-like robot's velocity is the fastest before side slipping. In simulation, the angles, torques, energy states of the snake-like robot are revealed, and whether the snake-like robot has slipped is analyzed by accumulating the energy dissipation. The simulations demonstrate the validity of the optimal passive creeping control method.
I. INTRODUCTION
Biological snakes have the special body structure, hundreds of the same structure joints and no limbs [1, 2] . The body structure endows the snake with the ability of adapting various environments; also according to the environment, the biological snake can choose the different gaits. The characteristics attract the researches' attentions. With many researches have been starting the studies on the snake-like robot, there are many control methods and gait's modalities. The creeping is a typical gait's modality. There are many control methods of the creeping, such as 1) serpenoid [3] ; 2) CPG [4] ; 3) passive creeping [5, 6] .
Many control methods about passive creeping have been proposed. Vossoughi [5] proposed the control method which can continue to generate serpenoid curve by the energy storage component (torsion spring). The advantage of the control method is that the robot has environment adaptable, while the disadvantage is that the system is too complex. Z. Wang [5, 6] proposed the passive control method which is based on energy. This method controls the robot by inputting torque which is adjusted by the robot's energy state. The advantage is that the method connects the environment and the robot. The disadvantage is that the reference energy has ( , ) i i The snake-like robot is associated with environment by the energy dissipation. The increase of energy dissipation is the immediate cause of the reduction of efficiency. According to the above analysis, the efficient of the snake-like robot's movement can be improved by reducing the energy dissipation. A creeping control method for the snake-like robot, named optimal passive creeping, is proposed. This method make the robot avoid slipping by inputting the proper torque which is adjusted by its body shape. The purpose of the control method is to insure that the snake-like robot's velocity is fastest before slipping. In simulation, the angles, torques, energy states of the snake-like robot are shown, the amount of the energy dissipation is analyzed. The results of simulations demonstrate the validity of the optimal passive creeping control method.
II. THE SIGNAL OF SIDE SLIPPING

A. The definition of sideslip
In the paper, the snake-like robot has m links. Each link has two passive wheels at the middle. ( ) Fig.2 the dynamic analysis of a single module the snake-like robot does not sideslip, the direction of the linear velocity is the same as the tangent of trajectory. Instead, the th i link of the snake-like robot is side slipping, the normal velocity of the th i link is not zero, and the normal velocity can be written as
That the normal velocity is not zero does not mean the efficient of the snake-like robot will descend. The curvature of the body is increasing from zero in the beginning of creeping, so the normal velocity of each link is not zero; due to the influence of environment, a slight slipping which can not be inevitable does not affect the movement efficient of the snake-like robot.
In the paper, the movement efficient is considered to define the conception of the sideslip. We choose a state parameter which stands for the body shape. A value of the state parameter which is called marginal value, expressed as δ , is set. The value, which is the largest in the accepted value, can be different according to the requirements of applications. If the value of the current body shape is larger than δ , the snake-like robot is considered to have been slipping. In other word, if the state parameter which stands for the body shape is the normal velocity and the normal velocity satisfies (2), the state of the snake-like robot is called sideslip.
B. The position of the sideslip The snake-like robot's body shape is affected by environment. The body shape which ensures the snake-like robot no sideslip cannot be determined in advance, so we have to find the marginal state in the process of its movement. When there are local sideslip signals of the snake-like robot, the method proposed in this paper will control the robot by adjusting all torques to avoid the continuous sideslip and to realize no sideslip of each module.
Links' position which is on the snake-like robot are different, so the force exerted on each link is different. The different force of each link leads to the different slipping probability. To avoid side slipping, it is necessary to find the link which is the most vulnerable to sideslip. The following content is studied based on literature [7] . are the reaction force at joint, m is the mass of each link, l 2 is the length of each link. According to [7] , we can get
Substituting (4) into (3) . The equation can be written as
, in g is the normal force of the th i link which does not contain friction force, and can be written as
We assume that the normal friction is big enough to support each link. In other word, the snake-like robot does not sideslip. So In Fig.3 , the sixth link is in the middle of the snake, and the tenth link is the tail of the robot. Fig.3 shows that the tail link is more vulnerable to sideslip than other link. The slipping signal of the tail link is set to adjust the controller.
III THE RELATION BETWEEN THE BODY SHAPE AND THE ENERGY STORAGE
According to literature [5, 8] , in order to generate the basic creeping trend, the phase of the torque is adjusted by guiding direction of the head joint and following direction of the body joints. In order to improve the environment adaptability, the amplitude of the torque is adjusted by integrating the kinetic energy of the snake-like robot. From the above analysis, we get the basic control model of the passive creeping. Control torque of head joint:
Control torque of body joint:
, the th n link is the head of the snake-like robot , where
is a proportional coefficient, decided by the kinetic energy of the snake-like robot, controls the torque amplitude; 2) n τ is the torque of the head joint, used to leading direction.
3) d
x is the reference angle of the head joint; 4) x is a real angle of the head joint. 5) Ε is the kinetic energy of the snake-like robot. The kinetic energy can be defined as 
IV CONTROL METHOD
The conception of the optimal passive creeping is that inputting the proper torque makes the snake-like robot run on the different coefficient friction ground with the highest speed, in the other word, the kinetic energy is biggest and the snake-like robot does not sideslip. Torque is the only input of the snake-like robot, so whether the robot will be side slipping is affected by the amplitude of the torque. The amplitude of the torque is the integration of kinetic energy. From the above analysis, whether the robot is slipping is determined by the integral of the kinetic energy. Control torque of head joint:
Control torque of body joint: 2) c is a constant, which is used to ensure that the robot starts running.
3) 0 t is the time when the snake-like robot starts to move with 'S' body shape. 4) δ is a marginal value. 5) b is the state parameter of the body shape; 6) 1
is the coefficient of the energy storage;
is the function of the body shape. Next, we will introduce the choice of state parameter. The state parameter which stands for the body shape is chosen by comparing the states' changes in slipping and no slipping. From the changes of the characters in Table I , the normal velocity n v is most suitable for standing for the body shape. So the body shape can be express as
are the linear velocity and orientation of the i link, respectively. k is used to amplify the amplitude of the normal velocity. Γ is the distance between the maximum and minimum, called amplitude of the normal velocity. In this paragraph the value of marginal value will be introduced. In the kinematics analysis, the standard of no slip is that the normal velocity is zero, but robot is affected by various factors, so the snake-like robot must have a little slip which does not affect the robot's movement. The marginal value is different according to the different environment; we can set the value according to the requirement of application.
Energy storage is decided by the coefficient and kinetic energy of the snake-like robot. The coefficient is determined by the distance between the current body shape and the marginal body shape. When the value of the body shape is equal to the value of the marginal state, the current stored energy is zero and the energy storage of t is equal to t t Δ − ( t Δ is the time step of simulation). When the value of the body shape is smaller than the marginal value, the amplitude of the torque can be continue to increase. The larger the difference between the value of the current body shape and the marginal body shape, the more energy is integrated and the bigger the coefficient is needed. The smaller the difference between the value of the current body shape and the marginal body shape, the less energy is integrated and the smaller the coefficient is needed. When the value of the body shape is larger than the marginal state, the amplitude Table II  The (a) the energy of optimal (b) the energy of passive passive creeping creeping Fig.4 energy changes of the torque is so large that the snake-like robot is slipping. The method of avoiding continuously slipping is to decrease the energy storage.
According to the above analysis, the amount of energy stored and the passive or positive impact on energy storage are determined by the desistance between the current body shape and the marginal body shape.
V. SIMULATION
We use Open Dynamics Engine [9] (ODE) to simulate the movement of the snake-like robot. The basic parameters in simulation are described in Table II .
A. The simulation of the robot
Fig4(a), (b) is the energy changes of the snake-like robot. In Fig4(a) , the control method is optimal passive creeping, and the parameters δ =1.8 t u =0.009, n u =0.25. In Fig4(b) , the control method is passive creeping [5] Fig.5(a) , the snake-like robot is controlled by the optimal passive control method. The marginal value is 0.18. If the amplitude of the normal velocity is larger than 0.18, the robot is slipping. The amplitude of the normal velocity has reached the marginal value with slight fluctuation, so the robot can be considered no sideslip, and the energy of the robot has reached a proper value pro Ε . In Fig.5(b) , the robot is controlled by the passive control method [5] with keeping the energy of the robot slight larger than pro Ε . The robot cannot choose the proper energy by itself. The amplitude of the normal velocity is several times to ten times larger than 0.18, so the robot is slipping.
B. The analysis of the energy dissipation
According to literature [5] , the energy dissipation can be expressed as
There are two reasons for the increasing of the energy dissipation. Firstly, when the normal velocity of the robot is zero, the kinetic energy and tangential velocity are continue to increase. The energy dissipation is expressed as
Secondly, when the normal velocity is not zero, 
Due to the snake-like robot must have a slight slipping in the process of its movement, the case of the first reason does not exist.
In Fig.6 , the snake-like robot is controlled by optimal passive creeping control method in the first stage and passive creeping control method in the second stage. The second stage is the continue movement of the first stage. According to the definition of the sideslip, the normal velocity is allowed in the marginal value δ , so the energy dissipation is allowed in a certain fluctuation range as shown in the first stage of Fig6. In the second stage, the control method is changed. Due to the input is changed from normal velocity to reference energy [6] , the normal velocity is large suddenly and the energy dissipation is large suddenly. Because of the immediate relation between the normal velocity and the energy dissipation, the optimal passive creeping control method is the optimal method to reduce the energy dissipation.
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